We present and discuss the properties of a time-domain CSEM (Controlled Source ElectroMagnetic) technology that utilizes vertically oriented transmitters and receiver antennas. The data are recorded in transient mode, wherein voltage time-series are recorded after transmitter switchoff. A square pulse with an alternating polarity is followed by a silent period in which the response is measured. The response curves from many pulses are averaged in order to reduce noise, and then binned into time windows. From theory, the vertical electric field is sensitive to deep resistive layers. At late times the vertical electric field decays like E z (t) ~t -5/2 over a rock of uniform conductivity. Another model, with the same overburden resistivity but with a resistive layer gives rise to a faster temporal decay, with a maximum contrast occurring typically at t=2-10s depending on the depth of the resistivity layer (hydrocarbons).
Introduction
Various CSEM methods have been developed in the last two decades (Edwards, 2005) . The seabed logging method (SBL) (Ellingsrud et al., 2002) has been used extensively for the last decade in hydrocarbon exploration. It uses a horizontal dipole towed over a grid of horizontal receivers, each of them with two horizontal electrical lines perpendicular to each other.
The signal has given frequencies and long offsets (distance between transmitter and receiver) are used. Vertical dipoles have already been used in the MOSES (Magnetometric Off-Shore Electrical Sounding) method (Edwards et al., 1985) with magnetic measurements in frequency-domain. However, this method is not particularly sensitive to resistive layers. Using a vertical dipole and vertical receiver for marine borehole measurements has been suggested by Scholl and Edwards (2007) . An offshore, time domain EM method that uses vertical, stationary transmitters and receivers has been developed by the Norwegian geophysical company Petromarker. Short offsets in the range of 500 to 1500m are used to probe the electrical near-field that results from turning off a source current. The SBL technology that is based on the horizontal transmitter-horizontal receiver setup, measures a large electromagnetic wave directly through the sea, and a smaller signal from the underlying rock. The vertical current resulting from a vertical transmitter, is sensitive to horizontal resistive layers, and therefore carries information about the deeper structures.
Technology overview
The Petromarker pulsing system technology consists of two pulse generators working in parallel with a total capacity of 5000A, each transmitter dipole has a current capacity of 2500 A and consists of two electrodes attached to the vessel with cables. The lower pulse electrode, connected to the pulse cable, is positioned on the seabed. The position of the lower electrode is measured by averaging the positional data from an acoustic transponder attached to the lower pulse electrode. The vessel is moved to a position directly above the stationary lower electrode and the upper electrode is lowered 50m below sea surface, and placed so that verticality is achieved. A square pulse with alternating polarity followed by a silent period (pause) is used in this time domain method. The transmitter signal changes sign in sequences of 8 pulses (so-called P8 sequence), which is a Thue-Morse sequence (Allouche and Shallit, 1999) . The corresponding time series are added or subtracted according to the sign of the transmitted signal. The sum of the responses corresponding to pulses of negative polarity is subtracted from the sum of the pulses of positive polarity. This averaging procedure, known as 'stacking', removes any DC components of external noise. Linear-and quadratic-intime trends in the data are also removed. In addition to the stacking, the data is averaged in bins of sizes that increase exponentially with time, so that the averaging is more extensive for the weak signal of late time when the noise become more significant (Nabighian and Macnae, 1991) . The challenge when measuring the vertical -rather than the horizontal field is the small amplitude of the signal. At late times the horizontal response from a horizontal dipole is 2-3 orders of magnitude stronger than the vertical response from a vertical dipole (Chave and Cox, 1982) . Therefore both transmitter and receiver tilt angles must be kept very small, a challenge that has motivated the design of a stable tripod where verticality is achieved through the action of gravity. The dependence of the measured data on transmitter and receiver positions can be used to control tilt effects.
Vertical source and receiver CSEM method in time-domain Each receiver consists of a top unit with electrodes and a bottom unit with electronics (batteries, data storage, bottom electrodes and recording unit) and a dead weight. The top electrodes are held vertically above the bottom unit by either a buoy with strong buoyancy or a rigid tripod system. Different length receivers have been used, ranging from 18 meters for the rigid tripod to 30 to 60 meters for the flexible cable receivers (Figure 1) . A mobile transmitter antenna is then positioned at various positions, where it is stationary while pulsing. There is no physical connection to the sea surface, so data is downloaded after recovery of the receiver station on deck or subsea by connecting a remotely operated vehicle (ROV) to the receiver base. Each receiver has 4 pairs of Pb/PbCl electrodes. A sampling frequency of 1000 Hz with 24-bit resolution is used for measurements. The long receivers have a higher signal level than the tripod. Large sea current leads to oscillatory electrical noise, and a small tilt. The tripod has low noise, less tilt and low signal level compared to the long cable receiver. Electric field measurements, navigational data, source data and sea state data are all recorded.
The difference between responses from a non-HC and a HC containing reservoir in one dimension is fairly constant within a radius of about 2 km, if the reservoir is deeper than 1km. At very short offsets (under 300m) slight movements of the upper electrode lead to uncertainties, and polarization effects may dominate the measurements in some cases, while at larger offsets (over 1 km) 3D effects and tilt effects become more significant. In between these boundaries, the optimal offset can be found, which is usually in the range from 500m to 1500m.
The technology is well suited for deep water exploration, since the signal is proportional to the water depth raised to an exponent of 2-3. The transmitter length is here assumed to be equal to the water depth. The upper electrode is kept at a fixed distance of 30-50m below sea surface independent of depth, to keep track of its position, and to utilize the maximum possible transmitter dipole length. The magnitude of the external electromagnetic noise decreases with depth, because of the skin depth effect that dampens high frequencies. Hence, the signal-to-noise ratio usually increases with water depth. It is not necessary to deconvolve the signal with the transmitter signal if the listening period is long enough so the measurements fall below the noise floor before a new pulse is started. The advantage with time-domain measurements, is that there is no need for separation of the low amplitude signal from the deep layers from the noise resulting from the movement of the upper electrode. The interesting late time part of the signal is typically a factor of 10 4 less than the pulse-on (DC) component, and frequency-domain measurements at short offsets require a removal of the noise on this DC component. There is no air-wave because of the vertical transmitter, and the reduced signal level is the limiting factor for shallow water surveys.
Modeling
The vertical component of the current density decays similar to a temperature field in a layered medium of variable thermal conductivity-that is, it is governed by the diffusion equation, and it is continuous across horizontal boundaries. The electrical diffusion constant is given by D=1/(µ), where µ is the magnetic permeability and  is the conductivity. So, in this analogy the electric conductivity corresponds to the inverse thermal Figure 1 . An overview of the Petromarker technology (not to scale), only one pulse system is shown. The upper and lower pulse electrodes which are directly on top of each other form the vertical transmitter dipole, the return current goes through the sea. To the left on the sea bottom, the extensible tripod is shown, and to the right, a flexible cable receiver. The color scale (unit log 10 (|Ez| (in V/m)) of the sediments represents the vertical electric field in the presence of a HC filled reservoir (yellow). The electric field is evaluated for a 5000 Am source dipole shortly before the current is turned off. The cylindrical reservoir at depth 1000m has a diameter 400m, height 100m and resistivity 100 Ωm. The sea is 1000m deep and has 0.3 Ωm resistivity. The resistivity of the sediments surrounding the reservoir is 1 Ωm. conductivity and the boundary condition at the sea surface that no current passes into the atmosphere, corresponds to a zero temperature at the surface. At late times t the electric field, or the temperature, decays as E z (t) ~t -5/2 (Ward and Hohmann, 1987) in a homogeneous medium. Just as a temperature field will equilibrate more quickly due to the presence of a more conductive layer, the vertical current density will decay more quickly when a layer of smaller electric conductivity is present (Figure 2) . The scaling between the characteristic time T, at which the corrections to the E z (t) ~t -5/2 behavior sets in, and the depth d of the hydrocarbon layer is simply d 2 = 2DT. In practice, the maximum contrast occurs at t=2-10s. The diffusion equation governing the electric current density in a model with horizontal layers of different conductivities is readily solved to give the forward prediction for the electric field. Conversely, standard inversion techniques are applicable to obtain the conductivities of different layers that best fit the measurements. The model based on the idea of a onedimensional horizontally layered earth also assumes the absence of induced polarization effects (Cole and Cole, 1941; Veeken et al., 2009 ) and magnetisable materials. While these are restrictive assumptions, complementary seismic and geological surveys may nevertheless justify the use of such a model. Figure 2 shows the 1D difference (anomaly) between a HC and a non-HC filled reservoir. The anomaly decreases slightly with offset up to about 2km, after this offset the anomaly declines rapidly. The outer limit of the electric near field is about 2km, and increases to a small extent with water depth and target depth.
Horizontal resolution
In the above consideration, it is assumed that the hydrocarbon containing layer is infinite. In practice it always has limited horizontal dimensions. It is of importance for HC-exploration, not only to determine the resistivity of the potential deposit but also to be able to outline its boundaries.
To investigate the horizontal resolution of the time domain sounding used by Petromarker, we numerically simulated electromagnetic response of the following. The stratified part of the model consists of the 1000 m deep ocean, 950 m overburden, and a homogeneous half-space. The resistivity of the sea water equals 3.2 m; resistivity of the rest of the embedding formation is 1 m. The deposit is represented by a 50 m thick square lens with horizontal dimensions of 2000 by 2000 m and resistivity of 40 m. The deposit is located at the depth of 950 m below the seabed.
Placing the origin of the horizontal coordinate system above the center of the lens, we used an integral equation code by Singer (2008) , simulating 3D responses of the Petromarker system for a set of source positions, i.e. y=0, x=-10, 490, 990, 1290, and 1490 m. The first of these positions is almost above the center of the lens, the third position is close to its boundary; the last position is 490 m outside the lens. The horizontal separation between the source and receiver equals 200 m for all positions of the transmitter.
Considering the large dynamical range of the measured electric field, in Figure 3 we plot the apparent resistivity calculated from the simulated vertical electric field. Thin curves on this plot are marked by the horizontal offset of the transmitter with respect to the center of the reservoir.
From these results, for the central positions of the acquisition system, the response of a limited reservoir is in general smaller than the response in the time range up to about 20 s. The response drastically reduces outside the reservoir, practically disappearing just in a few hundred meters from its edge. It may also be noticed that all response curves corresponding to a reservoir tend to become parallel to the response of the embedding (HCfree) structure. At some moment, these curves become equal and later exceed the response of the 1D model containing the infinite HC-layer, which tends to approach the response of the embedding structure. This can be considered as the so-called static shift (Singer et al. 2007 ).
Figure 2. The difference (anomaly) from 1D modeling between a HC and a non-HC filled reservoir on a 325m water depth for different offsets. The overburden has an average resistivity of 2.3 Ωm and a thickness of 1600m. The anomaly decreases slightly with offset up to about 2km, above this limit the anomaly declines rapidly.
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Measurements
The method has been used on the Norwegian Continental Shelf on depths of 250-1300m, and measurements are basically in agreement with theoretical models. For example, the method has been used (Holten et al., 2009 ) on the Luva gas field (Carstens, 2007) in the Norwegian Sea. A low contrast resistivity target was detected on a water depth of 1270m.
Current output from the pulse system with maximum capacity of 5000A has been gradually increased, and the highest current used was 4400A. Based on previous experience with a variety of receivers, a new tripod with length 10m has been developed and is planned for use starting in April 2009. This construction dampens vibrations and maintains verticality automatically. The tripod has four vertical electrode pairs, and complimentary horizontal electrode pairs on each side of its base triangle.
Conclusion
A time domain EM method with vertical transmitters and receivers has been developed. The vertical electrical field is sensitive to deep resistive layers, and the modeling shows a significant difference between a hydrocarbon-filled and a water filled reservoir. The electromagnetic response over a one-dimensional layered model is rapidly solved on a computer, and an inversion scheme can adjust the layered model to field measurements.
The horizontal resolution of the method has been examined by the use of a 3D electromagnetic code, where a transmitter-receiver pair was placed at various distances from a HC target. Overall, the numerical simulation confirms the high horizontal resolution of this time domain acquisition approach used. modelling software (Figure 2 ) and for participation in a feasibility study. 
